Shallow borehole and dug well data are used in describing groundwater conditions in the vicinity of Abraka in the Nigerian coastal plain. Drill cuttings from ten boreholes show that the Abraka area is underlain by reddish brown unconsolidated sands, followed by a succession of grey-off-white medium grained sands of the Benin Formation. Hydraulic conductivity estimated from grain size analysis of cuttings obtained from typical borehole screened horizons range from 0.12 to 0.19 msec -1 . Regional groundwater flow is from north east to southwest with local distortions on this regional trend resulting from ground water abstraction in densely populated areas. Maximum TDS in ground water was recorded at 28 and 85 mg/l from dug wells. The trilinear plots of major ions in water indicate a mixing of mainly sodium chloride and calcium chloride water types. The stiff diagrams are also suggestive of possible stratification of water chemistry with depth. Borehole water quality is well within WHO and Nigerian drinking water quality standards while that from dug wells contains minimal levels of fecal coliform. Ground water and surface water are determined to be suitable for irrigation. It is also shown that the quality of water in the River Ethiope, TDS 6.6 to 8.09 mg/l, Escherichia coli occurrence at less than an average of 50 cfu/100 ml from selected recreation sites meets WHO standards for body contact recreation.
INTRODUCTION
The Abraka area is located in the western Niger Delta and underlain by the Benin Formation that bestrides the River Niger and stretches from west of the Lagos area to the Calabar Flank in eastern Nigeria. The formation which contains prolific aquifer horizons is heterogeneous and has been studied in some detail in the Port Harcourt area by Amajor (1991) who characterized the water bearing sandy layers of its upper (300 m) horizon and described rapid horizontal and vertical variations in lithology and hydraulic characteristics. Ibe and Njemanze (1998) also identify at least three aquifer horizons that 200 m of the formation in the vicinity of Owerri, also in the are separated from each other by clay layers in the upper eastern sector. West of the River Niger, Oteze (2011) and Akujieze and Oteze (2006) have described the water bearing upper horizons of the formation and identify lateral variations in hydraulic properties in the vicinity of Benin City. Longe (2010) also reports the presence of three aquifer horizons that are separated by thin clay layers in the upper 100 m of the formation in the Shomolu area of Lagos State. There is a dearth of similar studies in the Abraka area and existing ground water conditions in the underlying Benin Formation are not well understood. Laissez faire exploitation of ground water *Corresponding author. E-mail: tony.akpoborie@gmail.com especially in this rapidly expanding university community that is witnessing rapid growth could potentially create problems for the ground water system in the long term. This is because in the absence of public water supply facilities to serve an estimated population of 90,000 (Oje and Origbo, 2012) , all water supplies for domestic, commercial and industrial uses are obtained from privately owned boreholes that tap the shallow Benin Formation.
An appreciation of existing ground water conditions is not only desirable but a requirement for urban expansion and regional planning. The objective of this investigation is thus to gain an understanding of ground water conditions in the area, associated hydrogeochemistry, as well as determine the suitability of surface water and ground water for domestic use, irrigation, water contact recreation and industry. Furthermore, the results will add to and contribute to the expansion of current regional knowledge and understanding of this prolific, extensive and important aquifer.
STUDY AREA
The Abraka area, situated between latitude 5° 45 ' and 5° 50' N and longitude 6° and 6° 15' E is located on the south bank of the River Ethiope and is an agglomeration of several communities that are aligned linearly along the New and Old Sapele-Agbor highway (Figures 1 and 3 ). These communities include from the west, Oria, Ajalomi, Abraka PO, Ekrejeta, Urhuoka and Umeghe. Ajalomi, Abraka PO, Ekrejata and Urhuoka have grown in size and are now conjoined to form what is loosely referred to as Abraka Urban, the seat of all three sites of the Abraka Campus of the Delta State University. Southwards, the rural communities of Ugono, Aragba, Abraka Inland and Ughere -Uragbesa are as well, bona fide Abraka communities (Figure 3 ).
Physiography and climate
The Abraka area is a typical coastal plain terrain, monotonously lowland and flat with a gentle slope towards the Ethiope River. The climate is equatorial, hot (23 to 37°C) and humid (relative humidity, 50 to 70%). There is a dry season from about November to February, and a wet season that begins in March, peaks in July and October. Six -years (2000 Six -years ( to 2005 annual mean rainfall measured at the Delta State University weather station is 3317.8 mm. Vegetation is rainforest, most of which has been decimated and replaced with farmlands and secondary forest. However, lush, dense and swamp primary forest flanks the river banks.
Geology
The area is located in the Niger Delta Basin, a much studied and important petroleum province. Briefly, there is general agreement that the basin was formed as a result of an aulacogen type development that was triggered by the separation of the African and South American plates in the Jurassic. The resulting trough has been filled by a series of marine transgressions, regressions and deltas, the present Niger delta being the most recent. The basin fill has been described by Short and Stauble (1967) , Reijers et al. (1996) , Nwajide (2006) , among many others and consists of three formations, namely, from the oldest to the youngest, the Akata Formation, Agbada Formation both of Eocene to Recent and the Miocene to Recent Benin Formation. However, west and just south of Abraka the Benin Formation is masked by the younger Holocene deposits of the Sombreiro-Warri Deltaic Plain, the Mangrove Swamp and Freshwater Swamp wetlands. These deposits which have not been assigned formal geological names because they are universally considered to be recent expressions of and a continuation of the Benin Formation are only identified by the physiographic terrains in which they occur. The aerial distribution of these delta top deposits coincides somewhat with the associated physiographic subdivisions shown in Figure 2 . The inferred boundary between the Sombreiro-Warri Deltaic Plain and the Benin Formation outcrop as can be seen from Figure 2 passes through the Abraka area such that the southern part of the area is underlain by Sombreiro-Warri Deltaic Plain deposits while the north rests on Benin Formation outcrop. The Ethiope River, the most important physiographic feature in the area flows almost exclusively on the outcrop of the Benin Formation. The Benin Formation in the Abraka area is overlain everywhere by reddish brown colored ferruginized regolith that is usually no less than 2 m thick. This can be observed clearly at two locations on the Abraka -Ugo road (Figure 3 ). The first site is a large borrow pit located just before the bridge on the River Ethiope and from where material is being excavated for building and road construction and the second at the rail road crossing near the overpass on the Abraka -Ugo Road. At both locations, the formation is massive and deeply weathered.
METHODOLOGY
Drill cuttings were collected and described from ten sites (Figure 3 ) where shallow water supply boreholes were drilled for private home owners. Sieve analysis of drill cutting samples obtained from the screened and usually the lowermost horizon penetrated was undertaken at the laboratories of the Department of Geology, Delta State University. The sampling procedure for groundwater involved the collection of replicates from six randomly located boreholes that could be accessed and three dug wells. Borehole water samples were collected after boreholes were pumped continuously for about 1 h. Surface water samples were also collected from selected recreational points along the River Ethiope, from the Okemeshi River as well as from a water filled quarry that is being used as a dump site. Sampling sites are shown in Figure 3 . The set of samples designated for heavy metal analysis were stabilized in situ with nitric acid. Electrical conductivity and total dissolved solids were also measured in situ using the HACH conductivity/TDS meters, respectively. The pH was determined by means of a Schott Gerate model pH meter and temperature was determined using mercury-in-glass thermometer calibrated in 0.2°C units from 0 to 100°C. The Pye Unicam Atomic Absorption Spectrophotometer SP 2900 was employed in the determination of the heavy metals while the HACH Spectrophotometer was employed in determining the NO3 ion using the cadmium reduction method. Na and K ion concentrations were obtained with a Jenway Clinical flame photometer. Sulphate content was determined by turbidimetry and Ca, Mg, HCO3 and Cl with appropriate titrimetric methods (APHA, 1992) . In order to determine the presence of total and fecal coliform, 100 ml of each water sample were passed through a membrane filter consisting of uniform pore diameter of 0.45 nm following which the membrane filter was placed in a petri-dish containing Mac-Conkey Agar and Eosin-Methylene blue Agar, in duplicate with the grid side up and incubated at 35 and 45°C for 18 to 24 h, respectively. Bacteria colonies if present were counted and expressed as numbers of coliform per 100 ml of water.
Four dug wells and six boreholes (Table 1) were selected on the basis of spread for depth to water level measurements. Depth to water level in each of the boreholes and dug wells was measured with an electronic well sounder. An Ertec model GPS instrument was used to determine wellhead coordinates. Because existing maps of the area are devoid of contours, averaged elevation readings from three GPS instruments at each site were used with the sparsely distributed benchmarks to approximate the elevation of each well location. Surfer 8 (Golden Software Inc., 2002) was employed in generating water table contour lines of equal head.
RESULTS AND DISCUSSION

Lithology
Cuttings recovered from boreholes show a succession of fine grained reddish brown sands underlain by typically clean, grey -off white and fine -medium -coarse grained, angular to sub-rounded well sorted quartz sands. In addition to remarkable lithological similarity, a layering and cyclical fining upward sequence is apparent at some locations ( Figure 4 ). The consistent absence of clays gives an indication of the potential high vulnerability of the shallow aquifer to contamination from surface sources.
Groundwater conditions
Water Figure 5 . Sustained groundwater abstraction in the more densely populated Abraka Urban has resulted in a depression of the water table in the town centre that stretches from Oria through Winner's Road to Ugono and towards which groundwater is flowing from virtually all directions. This has thus caused a local distortion on regional south westward groundwater flow (Akpoborie, 2011; Aweto and Akpoborie, 2011) that mirrors the seaward slope of the coastal plain. There also appears to be a mound at the Abraka Inland community that extends to Umuebu from which water is moving in all directions.
Hydraulic characteristics
Sieve analysis curves for cuttings retrieved from boreholes at Geology Laboratory, Oria, Erho, behind the General Hospital and Nassarawa Road, locations L1, L5, L7, L9 and L10 respectively in Figure 3 , were plotted as shown in Figure 6 . Cuttings from all ten boreholes sampled in this investigation were all remarkably similar upon visual examination in terms of textural attributes and which similarity is reflected in the curves for the five representative samples shown in Figure 6 . Following Odong (2007) and Fetter (2004) , hydraulic conductivity was estimated with the Hazen (1892) approximation:
Where K is hydraulic conductivity in cm/s, D 10 is the effective grain size in cm, C is a coefficient that is based on the aquifer matrix. Estimated values of K obtained with C = 6 (Uma et al., 1989) range from 0.12 to 0.17 cm/s with uniformity coefficient ranging from 1 to 1.4. It should be stressed that all sampled boreholes are located on the outcrop of the Benin Formation and that maximum depth penetrated and sampled is a shallow 18 m which makes the results of limited application especially with respect to the reputed average 2000 m thickness of the Benin Formation. However, they are interesting to the extent that in the absence of formal aquifer tests, this is the first indication of hydraulic properties of this horizon of the Benin Formation in this area.
Water chemistry
Characteristics of surface and ground water
The physical and chemical characteristics of surface water from different recreational sites located on the south bank of the Ethiope River are shown in Table 2 . One sample collected from the bridge crossing on the Okumesi (Warri) River, near Abraka Inland, and another from the Jamieson River are also included for comparison. Sampling sites except for the Jamieson River are shown in Figure 3 . TDS at all sites is very low and all ions show very low levels of occurrence. However, TDS from Ethiope River is much lower at mean 7.18 mg/l than Okumeshi River water which returned a TDS value of 16.5 mg/l. Indeed, Kaizer and Osakwe (2010) in a regional comparative study of water quality from five rivers in Delta State show that the Ethiope River contains the lowest total dissolved solids. Water in both the Ethiope and Okumeshi Rivers is also slightly acidic, which as reported from previous studies (Efe, 2005; Olobaniyi and Efe, 2007; Kaizer and Osakwe, 2010 ) is reflective of associated gas flaring in the Niger Delta petroleum province. The physical and chemical characteristics of ground water collected from boreholes and dug wells in the Abraka area are shown in Table 3 . TDS is low at mean 26.67 mg/l (standard deviation 21.3) and as expected, higher than TDS in surface water. The highest TDS at 85 mg/l was recorded from the dug well at Aragba, but water from this dug well is not represenative as it is uncovered and in the wet season regularly receives runoff from surrounding areas. Ground water is also weakly acidic at an average pH of 6.64. The acidity is retained from that of recharging rainfall which as explained has been attributed to gas flares. The unusually low TDS in the Ethiope River water could possibly be explained by the fact that its catchment is exclusively situated on the outcrop of the Benin Formation which is directly recharged perenially by rainfall. The Jamieson River its only tributary (Figure 2 ) was also sampled at its headwaters near Ugo, Edo State as part of this investigation and returned similar low TDS of 8.91 mg/l (Table 2 ). Reported regional variation in groundwater TDS (Olobaniyi and Owoyemi, 2004; Emeshili, 2008; Sarner PFM, 2011; SPDC, 2004 SPDC, , 2008 indicate that shallow groundwater from Benin Formation outcrop areas appears to be relatively lower in mineral content than that from areas where the formation is masked by younger layers.Thus, following from Domenico (1972) , it does appear that while recharging, rainwater may have over time leached the upper layers of the Benin Formation of all soluble mineral matter with the resulting low total dissolved solids in shallow groundwater, it continues to dissolve mineral matter from overlying younger deposits where they occur. Because regional groundwater flow is from northeast to southwest, that is from Benin Formation outcrop areas southwestwards and contributes more than 80% to total flow of the River Ethiope (Akpoborie, 2011) , it follows that river water would also be low in dissolved solids.
Furthermore, this high contribution of low TDS ground water to stream flow could be partly responsible for the remarkable and unique clarity of water in the Ethiope River as well as the Jamieson River.
With respect to the microbial content, water from the boreholes in both campuses of the university at Abraka CII, C3G, C3P and Nas Rd is free of coliform bacteria. However, one borehole at Winners Road, WR2 is possibly receiving water from the heavily contaminated water in the abandoned quarry (DS, Table 3) as indicated by the relatively higher coliform count. That this contamination is limited for the time being to the immediate vicinity of the quarry is borne out by the fact that borehole WR1 which is also near the quarry but further away from it than WR2 is coliform free. Also, water in all the dug wells in rural Abraka at Ugono, Abraka Inland and Aragba contains faecal coliform which may be explained by the fact that the wells are shallow, uncovered and are often left in an unsanitary state.
Major ion geochemistry
Major ion content is used in interpretive diagrams (Hem, 1991; Piper, 1944; Keheew, 2001 ) to describe, classify and determine geochemical trends in ground water and has subsequently been used in several ground water (Arabi et al., 2010; Naseem et al., 2010; Smith and Wahl, 2003; Rafael et al., 1998) . The Piper diagram plots of the chemical constituents in ground water presented in Table 3 are shown in Figure 7 . All samples except Aragba (ARG) plot in the right hand quadrant of the diamond that stretches from about 20 to 60% calcium + magnesium, while sulphate + chloride are between 70 to 80% indicating a mixing trend as well as direct recharge by rainfall (Petalas and Diamantis, 1999). Ground water from both campuses of the University overlap at the 25% point on the Ca + Mg axis while Ugono plots slightly higher at 40%. Keheew (2001) classifies hydrochemical facies using the Piper plot and on the basis of which ground water from the boreholes at the university and at Ugono, UGN, may be described as the sodium chloride type while at Abraka Inland (ABK In), ground water is the calcium chloride facie. At Aragba, the water is dominated by sodium and potasium which constitute about 70% of the cations while the bicarbonate and chloride ions occur respectively at 60 and 35%; hence, the water is uniquely for this area, the sodium bicarbonate type. As has been noted however, this sample is from an unringed dug well that is always left uncovered and may not be considered representative of groundwater in the area.
The Stiff diagrams (Hem, 1989; Kehew, 2001 ) plotted for each sampling location and superimposed on Figure 3 confirm these facie classifications as well as further highlight the differences in shallow dug well water and water obtained from deeper in the aquifer from drilled wells. Ground water from boreholes located at the university for example presents a distinctive inverted funnel shape that may be considered representative of native ground water in Benin Formation outcrop area. At WR1, the funnel shape is mildly distorted due to relative enrichment in calcium occasioned by recharge from the nearby waste dump. At WR2, the borehole location closest to the dumpsite, ground water is already an admixture of native ground water and dumpsite water, and the funnel shape is completely distorted. In comparison to groundwater obtained from deeper in the aquifer, dug well water from shallower horizon and outside Benin Formation outcrop area at Aragba and Ugono present distintively different shapes than the university campus wells which is suggestive of possible hydrogeochemical stratification.
Suitability for domestic water supply
The depth at which water would be encountered in a well has always traditionally influenced the choice of domestic water supply source in the Niger Delta. The shallow water table at Umuebu, Aragba and Abraka Inland (Table 1) , explains the preponderance of manually dug wells in these areas. Boreholes predominate at Abraka Urban and other areas located on the outcrop of the Benin Formation where the water table is deeper. The chemical parameters for both water supply sources in Table 3 are below the Nigerian guidelines for drinking water (SON, 2007) . However, the presence of cadmium detected at three locations CII, C3P and NAS Rd where it occurs above the guideline value of 0.003 mg/l is worrisome and needs to be monitored because of its toxicity (Ifeagu and Ayankora, 2012) . The source of cadmium enrichment in the area is unknown but its presence in stream sediments at elevated levels has been reported from nearby Ndokwa area by Emeshili (2008) . Akpoborie (2011) and Aweto and Akpoborie (2011) have drawn attention to the potential problems that could be associated with continous ingestion of low TDS water in the long term especially when combined with very low levels of calcium and magnesium in drinking water supplies as reflected in the values for both ions in Tables 2 and 3. Calcium and magnesium are essential micronutrients and their deficiency in drinking water supplies especially when dietary habits exclude foods rich in calcium and magnesium has been associated with increased risks of osteoporosis, nephrolithiasis (kidney stones), colorectal cancer, hypertension and stroke, among others (Ong, 2006; Kozisek, 2006) . Enrichment of these micronutrients is therefore recommended if the water in this area is to be used as a source of raw water for public water supply schemes. Finally, gradual impairment of ground water with coliform bacteria (WR2 , Table 3 ) by water from the abandoned quarry at Winner's Road confirms the potentially high vulnerability of the shallow and upper layers of the Benin Formation in this area to contamination as suggested by the predominantly sandy lithology.
Suitability for water contact recreation
The River Ethiope is the most prominent natural feature in Abraka area. The waters of the river are crystal clear, and the white river sands are of clean quartz grains with the result that the river is like a giant natural aquarium where fish and other organisms may be observed. This natural beauty is the main attraction for the rapid development of the hospitality industry along the river's south bank. Indeed, the river is an international tourist destination site and a gallery of spectacular pictures from some of the recreational beaches has been posted on the World Wide Web by Emiel Jegen (Jegen, 2004) . In order Akpoborie and Efobo 29 to establish the suitability of river water for full body contact recreation, water samples from the more popular sites ( Figure 3) were screened for the presence of coliform bacteria over a 30 day period in March 2011 in the middle of the dry season when the sites enjoy maximum patronage. The results which are shown in Table 2 indicate that occurrence of Escherichia coli is less than 50 cfu/100 ml at all sites. This level of occurrence is well below the guideline value of 126 cfu/100 ml for E. coli specified by the U.S. Environmental Protection Agency (USEPA, 2003) and affirmed by Wade et al. (2003) Table 2 indicate that the quality of water in the River Ethiope is suitable in this regard for swimming purposes.
Suitability for irrigation
The standard indices that are universally utilized to determine suitability for irrigation purposes have been determined for all samples and the results shown in Table 4 are summarized as follows:
Salinity hazard: High TDS in irrigation water affects soil efficiency, plant growth and yields. Following from Wilcox (1955) water with TDS that is less than 200 mg/l is excellent for irrigation and all water sampled in this study falls in this category.
The sodium adsorption ratio (SAR), the tendency of water to replace adsorbed calcium and magnesium with sodium was calculated as follows (Hem, 1991) :
Where the concentrations are expressed as milliequivalents per liter. All water sampled in this study falls within the low (< 10) SAR category ( Richards,1954) and is thus suitable for irrigation.
Magnesium hazard was estimated with the Szabols and Darab (1964) Waters that have MH ratios > 50 are considered harmful to soils and may not be used for irrigation without appropriate treatment. The results in Table 4 indicate that water in the Abraka area has a high magnesium hazard and needs to be carefully evaluated in this regard before being utilized for irrigation. Where all ionic concentrations are expressed in epm. Following the Eaton (1950) classification, RSC values from Abraka are all less than the + 1.25 threshold and may thus be safely used for irrigation.
Conclusions
This study has described for the first time aspects of the hydrogeology of the upper 20 m horizon of the Benin Formation aquifer in this part of the coastal plain and the Niger Delta. This horizon consists of a succession of fine grained reddish brown sands underlain by typically clean, grey -off white and fine -medium -coarse grained, angular to sub-rounded well sorted quartz sands. Depth to water level in the water table ranges from about 4 to 16 m. Sustained groundwater abstractions around the more densely populated Abraka Urban have resulted in a depression of the water table in the area towards which groundwater is flowing from virtually all directions in a distortion superimposed on regional southwestward groundwater flow. Hydraulic conductivity of the medium grained sands that are usually screened at an average 20 m depth in production wells is estimated from grain size analysis to range from 0.12 to 0.19 msec -1
. The major ion geochemistry indicates that groundwater is an admixture of NaCl, CaCl and NaHCO 3 facies and there is evidence of possible hydrogeochemical stratification. All water has very low TDS and this suggest that the perennial leaching of soluble minerals by recharging rainfall from the near surface horizon of the Benin Formation is probably responsible for the presence of minimal amounts of mineral content in water. It has also been determined that surface water and ground water are suitable for domestic use, irrigation and industrial purposes without prior treatment and that the water in this stretch of the Ethiope River is suitable for full body contact recreation.
